Abstract: Nanophotonic devices offer an unprecedented ability to concentrate light into small volumes which can greatly increase nonlinear effects. However, traditional plasmonic materials suffer from low damage thresholds and are not compatible with standard semiconductor technology. Here we study the nonlinear optical properties in the novel refractory plasmonic material titanium nitride using the Z-scan method at 1550 nm and 780 nm. We compare the extracted nonlinear parameters for TiN with previous works on noble metals and note a similarly large nonlinear optical response. However, TiN films have been shown to exhibit a damage threshold up to an order of magnitude higher than gold films of a similar thickness, while also being robust, cost-efficient, bio-and CMOScompatible. Together, these properties make TiN a promising material for metal-based nonlinear optics. 
Introduction
Among the many materials used in nonlinear optics, traditional metals have long been known to exhibit large nonlinear coefficients [1] and offer the potential for significant field enhancement when nanostructured [2] [3] [4] . Consequently, the role of metals in nonlinear optics can be divided into two regimes: 1) when the metal itself serves as the nonlinear medium and 2) when metal serves as a supplementary element for a nonlinear system. Towards the first point, many proof-of-concept demonstrations of metallic nonlinear devices such as frequency conversion [1, [5] [6] [7] [8] [9] , ultrafast dynamic switching [10, 11] , high sensitivity biological detectors [12] [13] [14] , and enhanced spectroscopy [15] have been reported. However, the example devices mentioned above, which rely on the nonlinearities in metals, have not seen widespread adoption which may be due in part to their low efficiency and propensity for deformation under the intense fields required for nonlinear optics [16, 17] . Subsequently, efforts have been directed towards point two where metallic components are supplementary to another, more efficient, nonlinear medium and are designed, for instance, to enhance or concentrate the electric field [18] . However, even in this case, the capability of such structures to withstand the intense fields generated by confinement is limited. Thus, there is a need to look for better materials which are not only plasmonic, but possess the ability to withstand high intensities, and to understand the inherent nonlinearities present in such materials.
Recently, TiN has been suggested as a refractory metal (melting point > 2900°C) with plasmonic properties similar to gold [19] . In addition, TiN has tunable optical properties, is chemically stable, can be grown epitaxially on magnesium oxide, c-sapphire, and silicon, and is bio-and CMOS-compatible, all in stark contrast to the noble metals [19, 20] . In fact, TiNbased metasurfaces have been experimentally demonstrated to withstand temperatures and optical intensities greater than gold structures, making them potentially interesting for applications in nonlinear optics [21] . However, the inherent nonlinearities of this important material have yet to be investigated, although some studies have been conducted on weakly plasmonic nanoparticle matrices [22, 23] . These studies do not provide information upon the inherent nonlinearities in the metal as it is known that nanostructured samples can exhibit altered nonlinearities due to geometric parameters (for example, plasmon resonances) [23, 24] . Additionally, the study of S. Divya et al used nanosecond pulses where cumulative thermal effects (i.e. increased lattice temperature) can significantly contribute to the observed nonlinearities. Here we extract the ultrafast nonlinearities using femtosecond pulses on thin films of TiN, enabling characterization of the underlying inherent material nonlinearities which describe the response of the material in the absence of external parameters such as nanostructuring (e.g. surface plasmon resonance) or enhancement (e.g. field confinement). Using the dual-arm Z-scan technique at both 1550 nm and 780 nm, we find nonlinearities in TiN films which are similar to the large nonlinearities found in traditional metals.
Results
A 52 nm thick TiN film deposited on fused silica at 350°C was investigated in this work. The linear optical functions of the TiN films, shown in Fig. 1 , were obtained using spectroscopic ellipsometry and the model as described in Eq. (3) (see the Appendix). The TiN sample is found to have a permittivity of ε = −2.50 + i 6.42 ( o n  = 1.48 + i 2.17) at 780 nm and ε = −11.66 + i 23.04 ( o n  = 2.66 + i 4.33) at 1550 nm. The nonlinear optical properties were investigated using a dual-arm Z-scan technique (see Appendix for detailed description) [25, 26] . The total complex refractive index including third-order nonlinearities can be written as n n = and
. Following the procedure of del Corso and Solisthe, the real and imaginary portions of the third-order susceptibility in SI units are given by [27] :
where ε o is the free space permittivity, c is the speed of light, λ is the wavelength, and other parameters are as defined above. We note here that the nonlinear refraction and absorption depend on both the real and imaginary parts of the susceptibility (see Appendix) [28, 29] . The common approximations that
Re n χ ∝  and
where the imaginary part of the index is large. It is also important to note that the incident intensity values should be corrected for the reflectance of the multilayer system, such that I eff = I o (1 -R) [29] . For the TiN on fused silica, R = 0.412 at 780 nm and R = 0.587 at 1550 nm which are determined from the linear optical properties using the transfer matrix method for thin films [30] . Additionally, the measurements were completed for excitation pulse widths of 95 fs at 1550 nm and 220 fs at 780 nm and the extracted nonlinear parameters may vary for pulse widths different from these values. Specifically, thermal nonlinearities within the pulse envelope become important as the pulse width nears or exceeds a critical value given by / ( / )
where n 2 is the nonlinear refractive index, ρ o is the density, C is the heat capacity, dn/dT is the temperature dependent refractive index change (i.e. cumulative thermal nonlinearity), and α o is the absorption coefficient [31] . ], we find a critical pulse width of ~500 fs. Thus, even with the current excitation parameters (95 fs and 220 fs), thermal nonlinearities within the pulse envelope may begin to play a role in the measurement, and are likely to result in modified values of the extracted nonlinear properties for pulse widths longer than those used here.
The open and closed aperture Z-scan results at 1550 nm are shown in Fig. 2 τ where E pulse is the pulse energy, w o is the beam waist, and τ is the 1/e pulse width given by τ = t FWHM / 2 ln(2) [26] . Each scan was completed twice and the results were averaged to further reduce any error due to beam instability. [esu].
Discussion
The results of our experiments have been summarized in Table 1 along with several other relevant works studying the nonlinear properties of thin metal films and a recent result investigating TiN nanoparticles [22] . We note here the description of the nonlinearity as an effective (3) χ  , denoted
This distinction is made due to the multitude of processes which can contribute to the observed signal in metals and our TiN films such as population rearrangement, band filling, or bandgap renormalization which are not intrinsically third-order processes. However, these processes can be modeled through the complex nonlinear refractive index as has been done for previous metal films, although other methods can potentially be used [36, 37] . In addition, we note that the data available in the literature contains some stark differences to our measurements such that a direct and quantitative comparison is difficult due to varying wavelengths, differing methods of characterization (optical Kerr effect or Z-scan), different pulse widths, and different film thicknesses. First, variations in the wavelength can certainly lead to an altered nonlinear response (as is shown in the TiN film). One example for this variance in films can be the presence of resonant features which can significantly increase the nonlinearities (for instance, the d-sp orbital transition in gold occurring near 500 nm) [38] . Consequently, one may expect that moving to a longer wavelength in gold films (i.e. off resonance) would result in a decrease of the nonlinear response. Secondly, due to the difficulty in completing the closed aperture Z-scan analysis on metal films, some data from literature were obtained using an optical Kerr effect measurement [29] . This measurement, in general, deduces a different tensor value of (3) χ  which need not relate to the value measured with Z-scan. Also, the results from the literature use a significantly longer pulse width than that used here. It is well known for dielectric materials that a longer pulse width can drastically increase the nonlinear response through the incorporation of additional, slower effects such as electrostriction, thermal heating etc [31] . and has also been shown to produce a similar dependence in metal films due to thermal smearing d-band electrons [37] . Finally, as noted by E. Xenogiannopoulou et al, thinner films (of a few nm's) can show an enhanced nonlinear response, roughly a factor of 4 to 5 increase when the thickness is decreased from ~50 nm to ~5 nm [29] . Therefore, the nonlinear responses in the thin silver and gold films reported in Table 1 may be increased due to their small thickness.
Despite these factors, we note that the nonlinearities in TiN films are similar in magnitude to other standard metal films. Additionally, it has been shown that TiN can withstand a significant intensity before damage occurs, owing to its properties as a refractory metal. In this previous work, a damage threshold of ~5 [GW/cm ] for 35 ps pulses at 10 Hz and λ = 532 nm), which is one order of magnitude less than that of TiN films [28, 29] .
Additionally, we note that TiN can be grown epitaxially on silicon, c-sapphire, and MgO, enabling high-quality ultra-thin films down to 2 nm which can increase the nonlinear response of the material [41] . While thinner films are likely to have a lower damage threshold, such a TiN film may also increase the nonlinearity, as has been documented with other metallic films (although this effect may be different for femtosecond pulses). Also, due to the aforementioned d-sp transition in gold, open aperture Z-scans of gold films observe twophoton absorption in the range of 532 -1064 nm. However, we note that TiN exhibits saturable absorption even as low as 780 nm. This is due to the lack of any resonant absorptive term in the permittivity until shorter wavelengths less than 400 nm. This situation is similar to the case of silver, which also exhibits saturable absorption even as high as 532 nm, and may be useful for applications towards TiN-based intensity selective mirrors used in mode-locked lasers where both high reflectivity and saturable absorption can be achieved in a single thin film. ] (40 ps pulses), an order of magnitude larger than is reported in gold films for similar excitation conditions. Collectively, these properties make TiN a promising material for practical applications using metal-based nonlinear devices.
